Progression of eucaryotic cells through the division cycle is a highly ordered process involving the sequential activation of cyclin-dependent kinases (cdks) (22, 37) . This process is regulated in large part through their interaction with specific cyclins, which function during different phases of the cell cycle. D-type cyclins and cyclin D1 in particular play a critical role in regulating G 1 progression (4, 43, 54) as cyclin D1-cdk4 complexes phosphorylate and thereby inactivate the retinoblastoma protein, a critical event required for G 1 -S transition (60) . Cyclin D1 is present in low abundance in quiescent cells, but it rapidly accumulates after stimulation with serum or mitogens. Inhibition of cyclin D1 expression prevents transition of cells from G 1 into S phase, while ectopic expression of cyclin D1 shortens the G 1 interval in many cell types (40, 43, 45, 46) . Although cyclin D1 levels remain relatively constant in normally growing cells, withdrawal of serum results in the rapid disappearance of the protein as cells enter a state of quiescence (56) . In addition to serum withdrawal, treatment of cells with other agents known to induce growth arrest (e.g., retinoic acid) likewise results in reduced cyclin D1 expression (31) . Support for the importance of cyclin D1 in regulating cell proliferation in vivo and contributing to tumorigenesis has come from observations that cyclin D1 is overexpressed in many different tumor types and that its transgenic overexpression in breast tissue leads to development of mammary tumors in mice (13, 25, 41, 57) .
Consistent with its critical function in regulating cell proliferation, expression of cyclin D1 protein appears to be tightly regulated and subject to control at multiple levels. A number of studies have provided evidence that mitogen stimulation up-regulates cyclin D expression through effects on transcription. Transcriptional activation by serum appears to be mediated largely through events regulated by Ras and extracellular signal-regulated kinase, but the c-Jun N-terminal kinase (JNK) and STAT5 pathways have also been implicated in the regulation of cyclin D1 by mitogens (1, 5, 32, 36) . Serum stimulation also elevates cyclin D1 expression by enhancing the translation of cyclin D1 mRNA through a mechanism involving the phosphatidylinositol 3-kinase/Akt signaling pathway (38) . Treatments that result in the down-regulation of cyclin D1 expression also appear to act through multiple mechanisms, but these are poorly understood. The stress-activated kinase p38 has been shown to inhibit the activity of the cyclin D promoter, suggesting a mechanism through which stresses might down-regulate the transcriptional activity of the gene (32) . Rapamycin and retinoic acid have been shown to enhance proteolysis of the protein, while rapamycin also appears to decrease the stability of cyclin D1 mRNA (23, 31) .
Although the importance of mRNA stability in regulating gene expression has long been appreciated (3, 48, 49) , it is only recently that the mechanisms contributing to such regulation have begun to be identified. The expression of many genes associated with growth regulation, including cytokines (interferon, interleukin-1, interleukin-2, tumor necrosis factor ␣) growth factors (granulocyte-macrophage colony-stimulating factor), proto-oncogenes (c-fos, c-myc), and cell cycle-regulatory genes (p21, cyclin A, cyclin B1, and cdc25), is regulated through alterations in mRNA stability (6, 7, 18, 19, 34, 48, 58, 59 ). This regulation is largely exerted through the adenosine and uridine (AU)-rich elements present in their 3Ј untranslated regions (UTRs), which often encompass reiterations of an AUUUA motif, and through the 3Ј poly(A) tail (6, 8, 9, 17, 19, 30, 50, 53) . Several classes of RNA-binding proteins that are capable of interacting with AU-rich elements and influencing mRNA stability have been identified (9-11, 61, 64) . While the functional significance of the associations between these RNA-binding proteins and target transcripts remains largely unknown, some of them, such as the Elav family of RNAbinding proteins, appear to enhance mRNA stability (14, 15, 44, 58, 59) , while others, such as AUF1, appear to increase mRNA degradation (11, 35) .
The cyclopentenone prostaglandin A 2 (PGA 2 ) is a potent inhibitor of growth of cultured cells and exhibits antitumor activity in vivo (16, 20, 28, 29, 42, 51, 52) . Growth arrest following PGA 2 treatment occurs primarily in the G 1 phase of the cell cycle, but the mechanisms responsible for eliciting this effect are not well understood. Along with several growthregulatory genes whose expression is altered following treatment with PGA 2 or with related prostaglandins (2, 24, 27) , we previously reported that PGA 2 -mediated growth inhibition was associated with a rapid and dramatic loss in cyclin D1 expression (20) . Here, we have investigated the mechanisms contributing to this down-regulation. We show that PGA 2 acts primarily by decreasing the stability of cyclin D1 mRNA transcripts through a specific 390-base region in the 3ЈUTR and provide biochemical and functional evidence for how this element may influence cyclin D1 mRNA turnover.
MATERIALS AND METHODS
Cell culture, treatment, constructs, transfections and luciferase/galactosidase assays. The human lines H1299 (non-small-cell lung carcinoma), MCF-7, and MDA-MB-453 (breast carcinoma) were obtained from American Type Culture Collection. H1299 and MCF-7 cells were maintained in RPMI 1640 medium and MDA-MB-453 cells in McCoy's 5A medium (GIBCO-BRL, Gaithersburg, Md.). Media were supplemented with 10% fetal calf serum (Hyclone) and antibiotics. All experiments were performed using exponentially growing cells. Transfections were carried out using standard calcium phosphate precipitation methods. For the study of cyclin D1 promoter activity, H1299 cells were transfected with plasmids pD1Luc (a kind gift from H. Müller [39] ) and pTK-Hyg (Clontech, Palo Alto, Calif.), selected in the presence of 250 g of hygromycin B per ml, and stable transfectants were used for luciferase assays. To assess the influence of specific regions of the cyclin D1 mRNA on the expression of the luciferase reporter gene, PCR-amplified DNA fragments CR (encompassing nucleotides 640 through 1030 of the cyclin D1 cDNA) and K12 (described below) were subcloned into the XbaI site of the plasmid pGL3 promoter to generate pGL3-CR and pGL3-K12, respectively. Cotransfection with a ␤-galactosidase reporter construct served as an internal control for normalization of transient transfections. For direct assessment of the influence of specific regions of the cyclin D1 mRNA on the half-life of chimeric mRNAs, PCR-amplified fragments CR and K12 were subcloned into the XbaI site of pTRE-d2EGFP (Clontech). For this experiment, H1299 cells were initially transfected with the pTet-Off plasmid (Clontech) and selected in the presence of 500 g of neomycin per ml; out of ϳ60 stably transfected clones tested, clone H2 exhibited low background expression of reporter constructs and Ͼ20-fold repression of reporter constructs upon addition of doxycycline (1 g/ml) and was thus chosen for subsequent transfection with either pTRE-d2EGFP, pTRE-d2EGFP-CR, or pTREd2EGFP-K12. Following transfection of these constructs into H2, enhanced green fluorescent protein (EGFP) mRNA or the chimeric mRNAs EGFP-CR and EGFP-K12 were transiently expressed. Transcription of these mRNAs was shut off 20 h later through the addition of doxycycline (1 g/ml), and the rate of elimination of each transcript was measured in cells that had either been treated with PGA 2 or left untreated.
Northern and Western blot analyses. Total RNA was isolated using STAT-60 reagent (Tel-Test B; Friendswood, Tex.) according to the manufacturer's protocol and Northern blot analysis carried out as previously described (20) . Human cyclin D1 mRNA, p21 mRNA, 18S rRNA, and EGFP-containing transcripts were detected with oligomers GAGGTTGGCATCGGGGTACGCGCGGCGG ATGGTTTCCACTTCGCAGCACAGGAGCTGGTG, CTGGGCCGAAGAG GCGGCGGCAGGCCTTGCTGCCGCATGGGTTCTG, ACGGTATCTGAT CGTCTTCGAACC, and TGGCATCGCCCTCGCCCTCGCCGGACACGCT GAACTTGTG, respectively, that were 3Ј-end labeled with [␣-32 P]dATP using terminal transferase (Boehringer Mannheim). Signals were visualized and quantitated with a PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.). For Western blot analysis, 40 g of cell lysate was resolved on sodium dodecyl sulfate (SDS)-polyacrylamide gels and transferred onto polyvinylidene difluoride membranes. Cyclin D1 was detected with monoclonal anti-cyclin D1 antibody (Santa Cruz Biotech, Santa Cruz, Calif.), and AUF1 was detected with a polyclonal antibody (64) . For the detection of p45 AUF1 , the peptide SPRHSEAATAQRE, encoded by exon 2 of the human AUF1 gene, was synthesized with an N-terminal cysteine residue by Genemed Synthesis, Inc. (South San Francisco, Calif.), its purity assessed by high-performance liquid chromatography, and its identity verified by mass spectrometry. A keyhole limpet hemocyanin conjugate of this peptide was used to immunize and boost rabbits for production of antisera. Signals were detected with the ECL reagent (Amersham).
Nuclear run-on analysis. Assays were performed as previously described (21) . Briefly, 5 g of DNA from either the pBlueScript plasmid or plasmid pRSV-D1 harboring cyclin D1 (a kind gift from C. J. Sherr) or a plasmid containing ␤-actin was linearized and blotted onto nitrocellulose membranes. Nuclei from 2 ϫ 10 7 H1299 cells were collected from each treatment group (i.e., untreated or PGA 2 -treated) and nascent RNA was isolated using the STAT-60 reagent. Membranes were blocked with 100 g of tRNA for 4 h, then hybridized with 4 ϫ 10 6 cpm of nascent 32 P-labeled RNA in 2 ml of hybridization buffer for 72 h at 65°C, and washed extensively at 65°C with wash buffer. Signals were visualized with a PhosphorImager.
Transcription shut-off assays for measuring mRNA half-life. Assays were carried out essentially as described before (63) , except that doxycycline was used to shut off transcription and the sequences of interest (CR and K12) were subcloned into pTRE-d2EGFP (Clontech), and thus the chimeric transcript contained the EGFP-coding region. H2 cells plated at a density of 200,000 cells in 100-mm dishes were transfected by calcium phosphate precipitation using 5 g each of pTRE-d2EGFP, pTRE-d2EGFP-CR, or pTRE-d2EGFP-K12 plasmids. Twenty hours later, cells were treated either with a combination of doxycycline (1 g/ml) and PGA 2 (30 M) or with doxycycline alone, whereupon RNA was collected at the times indicated and analyzed for expression of EGFP-containing transcripts, cyclin D1 mRNA (not shown), and 18S rRNA.
Preparation of cell fractions. Cells (2 ϫ 10 6 cells per sample) were harvested by trypsinization, collected by low-speed centrifugation, resuspended into 200 l of cold buffer A (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl 2 , 1 g of leupeptin per ml, 1 g of aprotinin per ml, and 0.5 mM phenylmethylsulfonyl fluoride) and incubated for 15 min on ice. After addition of 25 l of buffer A containing 2.5% NP-40, lysed cells were centrifuged (1,500 ϫ g, 6 min, 4°C) to separate nuclei; supernatants (cytoplasmic fraction) were collected and stored at Ϫ80°C. Nuclear pellets were resuspended into buffer C (20 mM HEPES [pH 7.9], 0.45 M NaCl, and 1 mM EDTA plus protease inhibitors), and the suspensions were subjected to constant shaking for 20 min at 4°C, followed by centrifugation (20,800 ϫ g, 10 min, 4°C) and collection of the supernatants (nuclear fraction). Whole-cell lysates were obtained after collection of cells in lysis buffer (20 mM HEPES [pH 7.4], 50 mM ␤-glycerolphosphate, 1% Triton X-100, 2 mM EGTA, and 10% glycerol plus protease inhibitors), centrifugation, and collection of supernatants.
Preparation of radiolabeled RNA transcripts. Eight micrograms of total RNA from H1299 cells was used for reverse transcription using SuperScript reverse transcriptase (GIBCO-BRL), following the manufacturer's protocol. The cDNAs generated were used as templates in PCRs to amplify various regions of cyclin D1 cDNA. All of the 5Ј primers used in this study contain the sequence of the T7 RNA polymerase promoter (T7): CCAAGCTTCTAATACGACTCACT ATAGGGAGA. The 5Ј primers used were as follows: A, (T7)TAGCAGCGA GCAGCAGAGT; B, (T7)ACATCTGAGGGCGCCAGG; C, (T7)AGATGTT TCACACCGGAAGG; H, (T7)GTACTTGTTTCTCTGTTGTAA; I, (T7)GAC CTGTTTATGAGATGCTGG; J, (T7)GCTTTTCCTGATAAAGCACAG; K, (T7)CGTGGCCGTGTGCATGTC; L, (T7)GTTGTGTGTGCAGGGAGG; M, (T7)GGTTTGCATTCTCACATTGC; N, (T7)CAGCGACAAACCATCCAG TG; O, (T7)CGCTACTATAAAGAGAAGAC; P, (T7)CAGGTTCAACCCAC AGCTAC; and Q, (T7)CCAATAGGTGTAGGAAATAG. The 3Ј primers used were as follows: 1, CTCAGATGTCCACGTCCCG; 2, TTCCGGTGTGAAAC ATCTAAG; 3, CAAGAATTACATAGCCAAGATG; 4, CCACCTCCCTTCA ACACTTC; 8, CTTACAACAGACAAACAAGTAC; 9, CCAGCATCTCATA AACAGGTC; 10, CTGTGCTTTATCAGGAAAAGC; 11, GACATGCACAC GGCCACG; 12, CCTCCCTGCACACACAAC; 13, GCAATGTGAGAATGC AAACC; 14, GTAGCTGTGGGTTGAACCTG; and 15, CTATTTCCTACAC CTATTGG.
PCR-amplified products were resolved on agarose gels, purified to serve as templates for RNA synthesis, and incubated at 37°C for 90 min in transcription buffer supplemented with 10 mM dithiothreitol, 2 mM rATP, 2 mM rCTP, 2 mM rGTP, 1 mM UTP, 80 U of RNasin, 40 U of T7 RNA polymerase, and 50 Ci of [␣- 32 P]UTP in a 50-l reaction volume. RNA transcripts were purified through spin columns, and 1 l of each RNA transcript was resolved on formaldehyde-agarose gels, vacuum-transferred onto GeneScreen membranes, and examined to determine the integrity, quality, and specific activity of radiolabeled RNA probes. Nonradiolabeled RNAs for in vitro binding-competition assays were synthesized similarly, except that the final concentration of unlabeled UTP was 2 mM.
Binding assays. Electrophoretic mobility-shift assays (EMSA) were carried out to detect the formation of complexes between cellular proteins and various cyclin D1 transcripts. Ten-microgram aliquots of either cytoplasmic or nuclear fractions were incubated with 100,000 cpm of RNA transcript on ice for 20 min in a 10-l mixture containing 15 mM HEPES [pH 7.9], 10 mM KCl, 10% glycerol, 5 mM MgCl 2 , 1 mM dithiothreitol, and 1 g of tRNA. After addition of RNase T 1 (1,000 U/reaction mixture), reaction mixtures were incubated at 37°C for 20 min and electrophoresed through 7% (or 5%, for supershift analysis) nondenaturing polyacrylamide gels containing 0.25ϫ Tris-borate-EDTA at 150 V for 2 h at 4°C. For cross-linking experiments, RNase T 1 -treated RNA-protein mixtures were exposed to UV using a Stratalinker (Stratagene), then electrophoresed through SDS-polyacrylamide gels. Gels were dried and radioactive signals visualized with a PhosphorImager. For supershift analysis, 2.5-g cytoplasmic protein aliquots were incubated with 1 g each of polyclonal antibodies recognizing AUF1 (64), JNK1, p27
Kip1 , or p53 (Santa Cruz) on ice for 30 min, then incubated with 100,000 cpm of radiolabeled transcripts for 15 min on ice. RNase T 1 digestion and native gel electrophoresis were then performed as described above.
In vitro binding assays were carried out essentially as previously described (61) , except that the binding buffer used is the same as that used for EMSA analysis.
Immunoprecipitation. The coating of protein A beads with anti-AUF1 antibody (Sigma) was performed as previously described (64) . For immunoprecipitation of the RNA-protein complexes, in vitro RNA-protein binding reaction mixtures were digested with RNase T 1 and subjected to UV cross-linking as described above. Each reaction mixture was then mixed with 10 l of either antibody-coated or uncoated protein A beads in 100 l of NET (64)-gel buffer for 2 h at 4°C, centrifuged, and washed three times. The pellets were then mixed with 20 l of gel-loading buffer, boiled, and resolved on SDS-12% polyacrylamide gels. Signals on dried gels were visualized with a PhosphorImager.
RESULTS
PGA 2 treatment decreases cyclin D1 expression in H1299 cells in a dose-and time-dependent manner associated with growth arrest. We have previously shown that PGA 2 causes growth arrest of a variety of human cell lines, concomitant with alterations in the expression of cell cycle genes (20) . Consistent with these previous observations, growth of PGA 2 -treated H1299 cells was quickly and strongly inhibited (Fig. 1) . Most of PGA 2 -treated cells acquired a flattened morphology within 24 h, and after 48 h, a small proportion of treated cells detached from the surface (data not shown). PGA 2 treatment also led to the loss of cyclin D1 expression (Fig. 2) . This reduction was specific for cyclin D1, as PGA 2 treatment led to the elevated expression of other transcripts, such as that encoding the cdk inhibitor p21. Dose-response studies revealed that treatment with 30 to 40 M PGA 2 results in a maximal decrease (80%) in cyclin D1 mRNA levels by 24 h; hence 30 M PGA 2 was selected for use in all further studies. Kinetic analyses revealed a marked reduction in cyclin D1 mRNA expression by 8 h with a maximum reduction achieved by 16 h after addition of the drug (Fig. 2B) . The decline in cyclin D1 mRNA expression likewise correlated with a loss in cyclin D1 protein expression (Fig. 2C) .
PGA 2 reduces cyclin D1 expression through changes in mRNA stability. To investigate the mechanism of the PGA 2 -triggered decrease in cyclin D1 mRNA levels, we first examined the effect of PGA 2 on cyclin D1 promoter activity. H1299 cells stably transfected with a plasmid harboring a luciferase reporter under control of the cyclin D1 promoter were examined for changes in luciferase activity after treatment with PGA 2 . PGA 2 treatment did not result in any substantial change in luciferase activity at either 8 or 12 h following treatment, indicating a lack of effect of PGA 2 on cyclin D1 promoter activity (Fig. 3A) .
The results from the cyclin D1 promoter-luciferase studies suggested that changes in transcriptional regulation are unlikely to account for the marked loss of cyclin D1 mRNA after PGA 2 exposure ( Fig. 2A and B) . To further examine whether there was a transcriptional component in the PGA 2 -regulated cyclin D1 expression, we performed nuclear run-on assays to compare the transcription rates of the cyclin D1 gene in untreated and PGA 2 -treated cells. As shown in Fig. 3B , we observed no differences between the rate of cyclin D1 transcription in untreated and PGA 2 -treated cells. Given the lack of influence of PGA 2 on transcription of the cyclin D1 gene, we hypothesized that the loss of cyclin D1 expression was due to enhanced degradation of its mRNA. Attempts to study the half-life of the cyclin D1 mRNA using standard actinomycin D-based methods were unsuccessful due to its artifactual stabilization of cyclin D1 mRNA. Thus, we set out to investigate the influence of PGA 2 on cyclin D1 mRNA stability by other methods.
Identification of a PGA 2 -inducible cyclin D1 RNA-protein binding activity and its correlation with the elimination of cyclin D1 mRNA. The process of mRNA turnover involves RNA-binding proteins that recognize specific RNA sequences on target transcripts. Therefore, we sought to identify the RNA-protein-binding activities involved in the turnover of cyclin D1 mRNA. Cell lysates prepared from untreated or PGA 2 -treated cells were fractionated into nuclear and cytoplasmic components and subsequently incubated with radiolabeled RNA transcripts corresponding to different regions of the cyclin D1 mRNA encompassing the 5ЈUTR, coding region, and 3ЈUTR ( Fig. 4A ; see Materials and Methods). As shown, abundant proteins in both cytoplasmic and nuclear lysates bound to cyclin D1 RNA probes (Fig. 4B ), but proteins in each fraction displayed very different binding patterns. Nuclear proteins formed complexes with all transcripts tested (A1, B2, B3, and C4), but the binding patterns remained unchanged with PGA 2 treatment. These observations suggested that complexes forming between nuclear proteins and cyclin D1 transcripts were relatively nonspecific, and nuclear fractions were not studied further. By contrast, cytoplasmic proteins exhibited distinct binding patterns. A transcript encompassing the coding region (A1) did not result in significant complex formation with cytoplasmic proteins, whether derived from untreated or from PGA 2 -treated cells. On the other hand, B2 and B3 transcripts generated significant RNA-protein complexes, whose intensities were significantly enhanced by PGA 2 treatment. Transcript C4, which contains six AUUUA motifs, also bound to cytoplasmic proteins. Unexpectedly, however, this binding activity was relatively low when compared with that seen with transcripts B2 and B3 and was not affected by PGA 2 treatment. These findings suggest that a responsive element involved in PGA 2 -mediated RNA-protein binding is located within the B2 region of the cyclin D1 mRNA.
To further characterize the formation of cyclin D1 RNAprotein complexes, we studied the kinetics of B2-protein complex formation following exposure to PGA 2 . As shown in Fig.  4C , untreated cells exhibited a basal level of RNA-protein binding by EMSA analysis. An increase in this RNA-protein binding was evident as early as 2 h after treatment and further increased with time (Fig. 4C) . Parallel examination of cyclin D1 levels by Northern blot analysis showed a concomitant reduction in the levels of cyclin D1 mRNA after exposure to PGA 2 (Fig. 4C) . Thus, the PGA 2 -induced decrease in cyclin D1 mRNA correlated well with the increase in cyclin D1 RNAprotein binding. These findings provide further evidence that the formation of RNA-protein complexes may be important for cyclin D1 mRNA turnover in PGA 2 -treated cells, and they support the notion that the B2 region of cyclin D1 mRNA plays a critical role in this post-transcriptional regulation process.
Further characterization of binding region(s) in the cyclin D1 3UTR. In order to identify the region(s) within the B2 segment of cyclin D1 mRNA that was recognized by cytoplasmic proteins, we examined a panel of transcripts encompassing the entire B2 region by EMSA analysis (Fig. 5A ). As shown in Fig. 5B , proteins specifically bound to the K9 and I12 probes, indicating that these two adjacent regions comprise the PGA 2 -inducible protein-binding site. We therefore combined K9 and I12 to generate a 390-base sequence (K12), which displayed a pattern of complex formation identical to that seen with the B2 transcript (Fig. 5B) . Competition assays revealed that an excess of unlabeled K12 transcript was capable of blocking PGA 2 -triggered binding to B2 transcript (Fig. 5C ): a 50-fold molar excess of cold K12 completely inhibited the formation of protein-B2 RNA complexes, while a 50-fold molar excess of A1 probe, which does not form PGA 2 -induced RNA-protein complexes, failed to compete with B2 for protein binding. These results further support the hypothesis that the K12 region contains the site responsive to PGA 2 -triggered protein binding observed with the B2 transcript. Given the complexity of binding between cellular proteins and K12, further testing of smaller transcripts generally resulted in the loss of one or several radiolabeled bands (Fig. 5D) . These results indicate that the majority of the K12 region is important for binding, and we used K12 in subsequent experiments. RNA-protein-binding complexes contain AUF1 protein, and AUF1 expression is induced by treatment with PGA 2 . To further investigate the nature of the proteins forming complexes with the K12 RNA transcript, reaction mixtures were subjected to analysis by UV cross-linking followed by SDS-polyacrylamide gel electrophoresis. Our results revealed the presence of multiple K12 RNA-protein-binding complexes with molecular sizes ranging from 30 to 47 kDa (Fig. 6A) . Since the RNAbinding protein AUF1 exists as four isoforms of 37, 40, 42, and 45 kDa, we directly examined whether AUF1 is part of the RNA-protein complexes. We allowed protein-K12 complexes to form, then cross-linked the complexes and subjected them to immunoprecipitation using an anti-AUF1 antibody. Subsequent analysis by SDS-polyacrylamide gel electrophoresis revealed that the anti-AUF1 antibody immunoprecipitated RNA-protein complexes of about 40 to 45 kDa (Fig. 6A) . This   FIG. 4 . Binding to cyclin D1 transcripts. (A) Schematic representation of the full-length cyclin D1 cDNA and various transcripts derived from the 5ЈUTR, coding region, and 3ЈUTR used in this study. Transcripts were synthesized after preparation of DNA templates by RT-PCR, as described in the Materials and Methods section. The 5Ј end of each fragment contains the T7 RNA polymerase promoter sequence. (B) Detection of RNA-protein binding activity by EMSA analysis. PCR-amplified cDNA fragments were used as templates to synthesize 32 P-radiolabeled RNA probes (A1, B2, B3, and C4). Following treatment of H1299 cells with 30 M PGA 2 for the times indicated, cytoplasmic and nuclear fractions (10 g each) were assayed for binding to the indicated RNA probes. Reaction mixtures were resolved on 7% native polyacrylamide gels. Signals were visualized with a PhosphorImager. Brackets indicate complexes forming with B2 and B3 fragments in a PGA 2 -dependent fashion. f, radiolabeled RNA digested with RNase T 1 without incubation with cell lysate. (C) Correlation between PGA 2 -mediated degradation of cyclin D1 mRNA and PGA 2 -induced RNA-protein-binding activity. Cyclin D1 mRNA levels in H1299 cells that were either left untreated or treated with 30 M PGA 2 for the times indicated were determined by Northern blot analysis (top); lysates (cytoplasmic fraction) prepared from H1299 cells treated in parallel were incubated with 32 P-radiolabeled B2 transcript and then subjected to EMSA (bottom). Radioactive signals were visualized with a PhosphorImager. observation constitutes strong evidence that AUF1 binds to the K12 region of cyclin D1 mRNA. To further investigate whether AUF1 binds to the K12 transcript, we examined whether the anti-AUF1 antibody could supershift the protein-K12 RNA complexes. As shown in , anti-JNK1, or anti-p53 antibodies for 30 min on ice, prior to addition of radiolabeled K12 RNA. Complexes were subjected to EMSA analysis through 5% native gels. Native and SDS-containing polyacrylamide gels were dried and signals visualized with a PhosphorImager. Arrow indicates the band supershifted by the AUF1 antibody. f, radiolabeled transcript not incubated with protein lysate but digested with RNase T 1 .
were supershifted by anti-AUF1 antibody, but not by irrelevant antibodies recognizing JNK1, p27 Kip1 , or p53. Because the AUF1-binding activity was increased by PGA 2 treatment, we performed Western blot analysis to determine whether PGA 2 also induces AUF1 expression. Expression of the 45-kDa isoform was absent in whole-cell lysates from untreated cells, but it was markedly induced by PGA 2 (Fig. 7A) , while expression of the other isoforms remained unchanged. Further confirmation for the specific elevation in expression of this isoform was obtained through use of a recently available antibody (described in the Materials and Methods section) capable of recognizing the p40 and p45 AUF1 isoforms. The inducible expression of a 45-kDa species was detected using this antibody (Fig. 7B) . Taken together, our data indicate that PGA 2 treatment induced binding of cellular proteins to the K12 region of cyclin D1 mRNA and strongly suggest that at least one such binding protein is the AUF1 isoform p45.
Additional evidence that p45 AUF1 binds the cyclin D1 mRNA came from in vitro studies. As we needed to use a fragment smaller than K12, we decided to employ the 128-base fragment encompassing the O14 region (Fig. 5D) , whose binding to H1299 cytoplasmic proteins exhibited a pattern that was almost identical to that seen with full-length K12 (with the exception of the uppermost band). Fragment K16 was employed as a negative control. As shown in Fig. 7C , incubation of each transcript with purified recombinant p45 AUF1 revealed binding in vitro, although O14 was clearly the preferred substrate. In addition, the highly cooperative association exhibited by p45 AUF1 and O14 could allow for significant changes in mRNA decay rates even if changes in its concentration are modest.
Influence of K12 on the expression of chimeric transcripts. To investigate the functional role of the cyclin D1 K12 region in regulating gene expression, we carried out two series of experiments using chimeric RNAs. First, we constructed pGL3-derived plasmids in which either K12 or an equivalentlength fragment from the cyclin D1 mRNA-coding region (CR) was placed 3Ј to the coding region of a luciferase reporter gene. The plasmids were cotransfected with a ␤-galactosidase reporter plasmid into H1299 cells, and the cells were subsequently examined for their responsiveness to PGA 2 treatment. In each transfection group, luciferase activities were normal- ized to ␤-galactosidase activities, and the relative luciferase activity in PGA 2 -treated cells was compared with that seen in untreated cells (100%). Luciferase activities from either the empty pGL3 vector or the chimeric construct containing CR linked to luciferase (pGL3-CR) were unchanged by PGA 2 treatment; by contrast, insertion of K12 into the 3ЈUTR of the luciferase gene (pGL3-K12) resulted in a significant decrease (approximately 70%) in luciferase activity of the chimeric gene following treatment with PGA 2 . These results provide functional evidence that the K12 sequence acts in a PGA 2 -dependent manner to reduce expression of an unrelated reporter gene, presumably by altering the stability of the chimeric mRNA.
Second, we employed a transcriptional pulsing strategy based on the Tet-regulatory system (similar to that previously reported [63] ) to monitor the influence of various cyclin D1 sequences on the mRNA turnover rates. Briefly, a stably transfected H1299 clonal cell line (designated H2) that constitutively expresses the tetracycline-controlled transactivator was established. H2 cells express high levels of transfected, Tetregulated reporter genes, and addition of doxycycline potently suppresses this activity, as they exhibit Ͼ20-fold-lower gene expression by 12 h in the presence of 1 g of doxycycline per ml. To test the effect of the K12 region of cyclin D1 mRNA on mRNA stability, the Tet-regulated construct pTRE-d2EGFP-K12 was prepared and transfected into H2 cells. Control transfection groups included populations transfected with either the unmodified Tet-controlled vector pTRE-d2EGFP (expressing the EGFP transcript) or the construct pTRE-d2EGFP-CR, expressing a chimeric transcript bearing a sequences of the coding region of cyclin D1 mRNA (EGFP-CR). Following a 20-h transcriptional pulse, the Tet promoter-driven transcription was effectively shut off by the addition of doxycycline (1 g/ml), and the rate of clearance of the three transcripts (EGFP, EGFP-CR, or EGFP-K12) was monitored by Northern blot analysis (Fig. 9 ) in cells that were either treated with PGA 2 at the time of doxycycline addition or left untreated. As shown in Fig. 9 , the stability of all three transcripts was comparable (with half-lives of 3 to 4 h) in untreated populations; importantly, in the PGA 2 -treated populations, only the K12-containing chimeric transcripts exhibited a reduction in halflife (1.2 h), while the half-lives of both the EGFP and EGFP-CR mRNAs were similar to that seen in each untreated population (3 or 4 h, respectively).
Together, our results support the notion that PGA 2 -induced events resulting in decreased cyclin D1 mRNA half-life are mediated through the K12 region. We further propose that FIG. 9 . Influence of the K12 region of the cyclin D1 mRNA on the expression of a chimeric EGFP reporter construct after PGA 2 treatment. Five micrograms of each pTRE-d2EGFP, pTRE-d2EGFP-CR, or pTRE-d2EGFP-K12 plasmid was transiently transfected into H2 cells (previously transfected with pTet and selected based on its strong induced and high doxycycline-dependent repression of reporter gene expression), along with 1 g of ␤-galactosidase reporter as a control. Twenty hours after transfection, cells were treated either with doxycycline alone (control) or with a combination of doxycycline and PGA 2 (30 M, PGA 2 ). At the times indicated following addition of the drug(s), RNA was prepared for Northern blot analysis; assessment of the expression levels of the EGFP, EGFP-CR, or EGFP-K12 transcripts was followed by that of cyclin D1 expression (not shown) and 18S rRNA, through sequential rounds of stripping and hybridization. Representative Northerns are shown. Graphs depict the relative abundance of each EGFP-derived transcript at various times after addition of doxycycline (time 0, 100%), represented on a logarithmic scale. Dashed line, 50% mRNA, which served to obtain the half-life values for each transcript.
binding of proteins such as AUF1 to the K12 region of cyclin D1 mRNA may decrease its stability.
3UTR-deleted cyclin D1 mRNA is resistant to PGA 2 -mediated down-regulation. Further evidence that the 3ЈUTR of cyclin D1 mRNA is critical for PGA 2 -mediated down-regulation of its mRNA was obtained using MDA-MB-453 cells. This cell line expresses high levels of a mutant cyclin D1 mRNA bearing a large deletion in its 3ЈUTR. The resulting ϳ1.2-kb transcript lacks the putative target sequence for PGA 2 -mediated destabilization. A comparative analysis of the PGA 2 -triggered down-regulation of cyclin D1 mRNA was then undertaken to compare the rate of cyclin D1 mRNA loss in MDA-MB-452 cells with that seen in another breast carcinoma cell line, MCF-7, which expresses the normal, 4.2-kb cyclin D1 transcript. As shown in Fig. 10 , PGA 2 -treated MCF-7 cells exhibited approximately a 70% decrease in cyclin D1 mRNA levels by 8 h posttreatment. By contrast, the amount of truncated cyclin D1 mRNA transcript in MDA-MB-453 cells was essentially unaltered by PGA 2 treatment. These results lend further support to our hypothesis that the 3ЈUTR of cyclin D1 mRNA is critical for modulating cyclin D1 expression during exposure to PGA 2 .
DISCUSSION
Cyclin D plays a critical role in regulating cell proliferation and mediating progression of cells through G 1 into S phase. It is not surprising, therefore, that changes in the extracellular environment can greatly influence cyclin D expression. We had previously observed that treatment of several different types of mammalian cells with PGA 2 leads to growth arrest in G 1 associated with a rapid and marked reduction in cyclin D1 mRNA expression (20) . In the present study we investigated the mechanisms contributing to the loss in cyclin D1 expression following PGA 2 treatment. Our results indicate that PGA 2 reduces cyclin D1 expression by decreasing the stability of cyclin D1 mRNA transcripts and have identified a region within the cyclin D1 3ЈUTR that is critical for regulating mRNA turnover.
The lack of involvement of transcriptional events in regulating the PGA 2 -mediated decline in cyclin D1 expression was supported by two critical findings: expression of a cyclin D1 promoter-reporter construct was not down-regulated in response to PGA 2 treatment, and no repression of cyclin D1 transcription was evident by nuclear run-on assay (Fig. 3) . While several other studies have likewise suggested that cyclin D1 expression can be regulated at the level of mRNA stability (23, 26, 33, 47) , none of these examined the mechanisms contributing to this effect. Using gel mobility-shift analysis, we have demonstrated that lysates prepared from PGA 2 -treated cells contain proteins capable of binding to the 3ЈUTR of cyclin D1 mRNA. One of these segments, a 390-base region designated K12, was of particular interest as the relative amount of protein binding to it increased following treatment with PGA 2 . Indeed, when assaying this fragment, the kinetics of complex formation coincided with the decrease in cyclin D1 mRNA. That this region and the protein(s) capable of interacting with it are important in regulating the stability of cyclin D1 mRNA was further supported by two additional experiments. First, linking of this sequence to the coding sequence of the luciferase gene led to reduced luciferase expression after treatment with PGA 2 , presumably due to destabilization of the mRNA. Second, transcriptional-pulse strategies revealed that the half-life of a chimeric transcript containing K12 was considerably shorter in PGA 2 -treated populations than in untreated groups, while the half-life of control transcripts was unaffected by treatment with the drug.
Based on immunoprecipitation experiments and supershift analysis, our studies have identified the RNA-binding protein AUF1 as one component of the complexes interacting with K12. AUF1 has been implicated in the destabilization of labile mRNAs through its interaction with 3ЈUTR regions (11, 35) . Although the precise sequence requirements for AUF1 binding have not been determined, binding generally occurs in regions which are AU-rich and harbor reiterations of AUUUA pentamers, such as those found in the c-myc, c-fos, and tumor necrosis factor mRNAs, all established targets of AUF1 in vitro (11, 12, 35, 64) . While the findings in our study could support a function for AUF1 in regulating cyclin D1 mRNA decay in cells treated with PGA 2 , the 390-base sequence encompassing the cyclin D1 mRNA K12 region is unique in that it does not contain any AUUUA sequences. Several AUUUA sequences are present in the cyclin D1 3ЈUTR downstream of K12, but they do not appear to influence the binding to K12. Moreover, the cyclin D1 3ЈUTR segment encompassing six AUUUA elements (designated C4 [Fig. 4] ), does not seem to be a major target for binding by other proteins in either untreated or PGA 2 -treated H1299 cells, as only weak bands appear on gel mobility shift assays (Fig. 4) . Among other RNAbinding proteins that could potentially interact with these AU-rich sequences and/or other segments of the cyclin D1 3ЈUTR, we tested the elav-related protein HuR and hnRNP C and A1. However, in no instance did we obtain any evidence that these proteins bound the cyclin D1 mRNA (data not shown).
The AUF1 gene gives rise to four distinct protein isoforms through alternative splicing of the pre-mRNAs that also influences the relative expression of each isoform (55, 62) . The functional distinctions between the four isoforms, with apparent molecular masses of 37, 40, 42, and 45 kDa, are unclear, but the p37 and p42 isoforms appear to display the most profound destabilizing effect on c-fos mRNA in K562 cells (35) . Although we cannot say with absolute certainty which isoform is responsible for binding to K12, our findings indicate that expression of p45 AUF1 is specifically elevated after PGA 2 treatment and in a time frame consistent with enhanced protein-RNA complex formation, while none of the other isoforms were altered with PGA 2 treatment. Purified recombinant p45 AUF1 was indeed found to bind, in a highly cooperative fashion, a fragment of the K12 transcript in vitro (Fig. 7C) , although p37 AUF1 and p40 AUF1 were also capable of binding this sequence (not shown). Finally, this study provides, to our knowledge, the first evidence that the endogenous p45 AUF1 isoform is preferentially induced under certain conditions and provides further support for the emerging view that the various isoforms display different RNA-binding patterns and may have different functions. Nevertheless, definitive demonstration that AUF1 regulates the turnover of cyclin D1 mRNA awaits the development of additional experimental systems in which the expression of specific AUF1 isoforms can be overexpressed or inhibited.
It is known that, in addition to PGA 2 , other stresses and/or growth-arresting treatments can result in reduced cyclin D1 expression. It remains to be determined whether regulated mRNA turnover is involved in the down-regulation of cyclin D1 expression in a general sense by other stresses; however, it is worth noting that, in preliminary studies, we have seen evidence of enhanced protein binding to the K12 region using lysates from cells treated with various stress agents. For example, exposure to brefeldin A, which interferes with protein trafficking resulting in stress to the endoplasmic reticulum, led to both increased binding to cyclin D1 mRNA on gel mobility shift assays (with patterns of binding identical to those seen after PGA 2 treatment) and reduced cyclin D1 mRNA expression by Northern blotting. Thus, the down-regulation of cyclin D1 mRNA by K12-dependent turnover may not be limited to PGA 2 treatment.
Finally, cyclin D1 has been shown to be overexpressed in a number of different tumors. The elevated levels of cyclin D1 are believed to contribute directly to tumorigenicity (13, 25, 41, 57) , and therapeutic approaches targeting cyclin D1 have been described (31) . Although many different mechanisms are believed to contribute to the enhanced cyclin D1 expression, it is interesting to note that a number of studies have reported cyclin D1 gene mutations that result in truncated mRNAs with greater stability than that of wild-type full-length mRNA (26, 33, 47; Fig. 10 ). The region we have implicated in down-regulating cyclin D1 mRNA stability is likewise absent in these truncated mRNAs. Indeed, we had the opportunity to test a cell line which harbored one such mutant cyclin D1 mRNA and found that PGA 2 failed to down-regulate its expression (Fig. 10) . Thus, our studies provide additional support for the view that mutations that alter the posttranscriptional control of cyclin D1 expression could play an important role in tumorigenesis. Better understanding of these processes could lead to improved treatment strategies.
